Abstract. The WEE1 kinase family has been shown to be the major kinase family responsible for phosphorylating Tyr 15 on cyclin-dependent kinase 1 (CDK1). WEE1 homolog 2 (WEE2, also known as WEE1B) was first identified in Xenopus laevis and more recently in humans and mice, and is responsible for phosphorylating the CDK1 inhibitory site and maintaining meiotic arrest in oocytes. However, the mechanism by which WEE1B is regulated in one-cell stage mouse embryos remains to be elucidated. In the present study, we examined the role of WEE1B-Ser 15 in G 2 /M transition of one-cell stage mouse embryos. WEE1B-Ser 15 was phosphorylated during the G 1 and S phases, whereas Ser 15 was dephosphorylated during G 2 and M phases in vivo. Overexpression of the phosphor-mimic Wee1B-S15D mutant delayed the re-entry of embryos into mitosis more efficiently than Wee1B-wild type (Wee1B-WT) by direct phosphorylation of CDK1-Tyr 15. The results of the present study suggested that WEE1B acts as a direct downstream substrate of protein kinase A (PKA) and that Ser 15 of WEE1B is a potential PKA phosphorylation target in the G 2 /M transition of mouse embryos. In addition, WEE1B inhibits mitosis by negatively regulating M phase promoting factor activity in one-cell stage mouse embryos.
Introduction
M phase-promoting factor (MPF) is a universal regulator of M phase in the eukaryotic cell cycle (1, 2) . Its activation induces entry into M phase and its subsequent inactivation is necessary to exit from M phase. The activity of MPF in higher eukaryotic cells is primarily regulated by the formation of a complex between the catalytic cyclin-dependent kinase 1 (CDK1, previously known as CDC2) subunit and the regulatory CCNB1 (previously known as cyclin B) subunit, and further by phosphorylation/dephosphorylation at Thr 14 and Tyr 15 of CDK1 associated with CCNB1 (1) (2) (3) (4) . Until the end of G 2 phase, MPF remains inactive through the inhibitory phosphorylation of these residues by the WEE1 kinase family. WEE1 proteins are dual-specificity kinases that uniquely function to phosphorylate specific Tyr/Thr residues on CDKs. There are three WEE1 family members: WEE1 homolog 1 (WEE1, also designated as somatic WEE1A); WEE1 homolog 2 (WEE2, also known as WEE1B) and PKMYT1 (previously known as MYT1). Various genetic and biochemical studies have indicated that WEE1, which was originally identified in the fission yeast Schizosaccharomyces pombe mutant with a small cell or WEE phenotype, is a Tyr-specific protein kinase conserved in all eukaryotes (5) . In eukaryotic cells, WEE1A is a nuclear protein that is capable of phosphorylating Tyr 15 but not Thr 14 of CDK1 and thus inhibiting its kinase activity, thereby preventing entry into mitosis (6) (7) (8) (9) . PKMYT1, a membrane-associated inhibitory kinase, is present in metazoans and phosphorylates CDK1 efficiently on Thr 14 and Tyr 15 residues (6, (10) (11) (12) (13) (14) (15) and the human PKMYT1 kinase preferentially phosphorylates CDK1 on Thr 14 in a cyclindependent manner (13) . WEE1B, a newly identified member of the WEE1 kinase family, is conserved from yeast to humans and has recently been shown to suppress CDK1 activity by phosphorylating its inhibitory sites (16) (17) (18) (19) (20) (21) . While WEE1A and PKMYT1 are well documented as important regulators of mitosis in multiple cell types in numerous species (22) , the role and regulation of WEE1B in zygotes and early embryo development remain to be elucidated.
Protein kinase A (PKA), a cAMP-dependent Ser/Thr kinase, is composed of two catalytic (C) subunits held in an inactive state in association with a regulatory (R) subunit Ser 15 of WEE1B is a potential PKA phosphorylation target in G2/M transition in one-cell stage mouse embryos dimer. PKA constitutes one of the most important components of several signal transduction pathways, which are important in cell growth, differentiation, proliferation and cell cycle control. Studies in starfish, Xenopus and mammalian oocytes demonstrate that the maintenance of high levels of cAMP and active PKA are important in meiotic arrest (23) (24) (25) (26) . Previous studies have suggested that PKA may directly phosphorylate and regulate the activity of CDC25B phosphatase (25, (27) (28) (29) and WEE1A kinase (20, 30, 31) to form a bidirectional regulatory loop for MPF activity. Generally, cAMP levels are high in meiosis-arrested oocytes and high levels of cAMP may result in high PKA activity, both of which are essential for the maintenance of meiotic arrest (32) (33) (34) . In particular, when cAMP levels decrease, PKA is deactivated and unable to phosphorylate CDC25 phosphatase, which is subsequently activated. As a result, activated CDC25 phosphatase translocates to the nucleus where it dephosphorylates CDK1 and thus activates MPF (35, 36) . The concurrent deactivation of WEE1A kinase allows the inhibitory phosphates to be removed from CDK1 by CDC25 phosphatase (12, 36, 37) . However, the pathway between high PKA activity and the repression of MPF activity has yet to be fully elucidated. To examine the effects of PKA on WEE1B in mammalian cells, WEE1B has been predicted as a potential PKA substrate in mice using the scansite software (http://scansite.mit.edu/) and two potential PKA phosphorylation sites, including Ser 15 and Thr 170 were predicted. The two sites lie within a consensus sequence for PKA (KKLS), which includes a positively charged R or K residue upstream of an S residue. Acting as a candidate target of PKA, it has been demonstrated that Ser 15 is the major phosphorylation site in vitro and is involved in the regulation of meiotic arrest in mouse oocytes by modification of phosphorylation and dephosphorylation (21) . However, the role of Ser 15 in the mitotic cell cycle of one-cell stage mouse embryos remains unknown. In the present study, using a highly specific antibody against phospho- 
Collection and culture of one-cell stage mouse embryos.
Mouse embryos at the one-cell stage were collected and cultured as previously described (38) . Female mice were injected with 10 IU of pregnant mare serum gonadotropin (PMSG) and then with 10 IU of human chorionic gonadotropin (hCG) 46-48 h post-PMSG, and caged with Kunming males. One-cell stage embryos were obtained from females 18-20 h post-hCG injection and incubated for 2 min in M2 medium suspended in 300 µg/ml hyaluronidase to remove cumulus cells, washed extensively using M2 medium and then the embryos were microinjected or fixed. Following microinjection, embryos were cultured to the different cell cycle stages in M16 medium at 37˚C in a humidified atmosphere of 5% CO 2 . Embryos pretreated with dibutyryl cyclic AMP (dbcAMP) or H-89 were incubated and collected at different time points. Mitotic stages (G 1 , S, G 2 and M phases) were defined as previously described (38, 39) : G 1 phase, 12-21 h post-hCG injection; S phase, 21-27 h; G 2 phase, 27-30 h and M phase, 30-33 h. The rate of cleavage, i.e., the number of two-cell embryos resulting from the division of a one-cell embryo, was counted in three independent experiments under a phase contrast microscope at 31, 35 or 30 h post-hCG injection in the absence or presence of dbcAMP and/or H-89.
Plasmid construction and site-directed mutagenesis.
The plasmids of wild-type Wee1B (pcDNA3.1/V5-His-TOPOWee1B-WT) and kinase-dead Wee1B (pcDNA3.1/V5-His-TOPO-Wee1B-KD) were kindly provided by Professor Marco Conti (University of California, San Francisco, USA). The pcDNA3.1/V5-His-TOPO-Wee1B-S15A/D construct was prepared by mutating Ser 15 of Wee1B to alanine (A) and aspartic acid (D), which acts to mimick phosphorylation. Wee1B-WT was used as a template and the site-directed mutagenesis kit (Stratagene, Santa Clara, CA, USA). The primers for Wee1B-S15A were 5'-CTGAACAAGAAATTAGCCTTCTCCTTT-3' and 5'-GCTAATTTCTTGTTCAGTCCCTGGTCA-3'. The primers used to construct Wee1B-S15D were 5'-CTG AACAAGAAATTAGACTTCTCCTTT-3' and 5'-TCTAATTT CTTGTTCAGTCCCTGGTCAG-3'. Both recombinant plasmids were sequenced to verify the correct gene insertion and successful mutation.
In vitro transcription. According to our previous study (40) , all the pcDNA3.1/V5-His-TOPO constructs were linearized with XhoI as templates for RNA transcription. 5'-capped mRNAs were generated using the mMESSAGE mMACHINE T7 Ultra kit according to the manufacturer's instructions and DNA templates were removed using TURBO DNase. Synthesized mRNAs were dissolved in nuclease-free TE buffer (5 mM Tris, 0.5 mM EDTA, pH 7.4) and the concentration of mRNAs was determined using a Hitachi U-2900 spectrophotometer (Hitachi High-Technologies Corporation, Tokyo, Japan) or agarose gel electrophoresis.
Synchronizing the embryos and microinjection. To synchronize the embryos, embryos were placed in a drop of M2 medium under mineral oil in the lid of a 3-cm Falcon culture dish and synchronized for 7 h following microinjection and release from a thymidine block. Alternatively, asynchronous cells were recorded 20 h following microinjection. The typical injection volumes were 5% (10 pl, cytoplasmic) of the total cell volume of embryos. Non-microinjection or microinjection with TE buffer were selected as controls. Following microinjection, embryos were transferred to M16 medium and incubated at 37˚C in 5% CO 2 , and the percentage of cell cleavage was scored under a dissecting microscope. Morphological analysis was performed at the indicated times.
Western blotting. Protein was extracted from ~160 mouse embryos using 20 µl protein extraction buffer (150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO 4 , 1 µg/ml leupeptin and 1 mM PMSF). The protein extracts were separated by 10% polyacrylamide gel electrophoresis and the protein was transferred onto polyvinylidene fluoride membranes. The membranes were blocked using 3% (w/v) BSA in Tris-buffered saline containing 0.05% Tween-20 for 1 h at room temperature and incubated with primary antibody overnight at 4˚C. The blots were then incubated with HRP-linked secondary antibody and visualized using the enhanced chemiluminescence detection system (Pierce Biotechnology, Inc., Rockford, IL, USA).
Assay of MPF activity. MPF kinase activity was assayed as previously described (41, 42) . Ten embryos were collected in 5 µl collection buffer (PBS containing 1 mg/ml polyvinyl alcohol, 5 mM EDTA, 10 mM Na 3 VO 4 and 10 mM NaF) and immediately stored at -70˚C until the kinase assay was performed. Embryos were lysed by three rounds of freezing and thawing in 20 µl of extraction buffer [50 mM Tris-HCl (pH 7.4), 250 mM NaCl, 1 mM EDTA, 50 mM NaF, 1 mM DTT, 0.1% Triton X-100, 10 µM leupeptin, 100 µg/ml aprotinin and 0.5 µl PMSF]. Embryo lysate (5 µl) was added to the 20 µl MPF buffer [250 mM Tris-HCl (pH 7.5), 50 mM MgCl 2 , 5 mM EGTA, 10 mM DTT, 200 mM β-glycerophosphate, 100 mM p-nitrophenylphosphate, 0.5 mM sodium vanadate, 0.05% Brij 35, 2 mg/ml histone (type III-S), 2.4 µM PKA inhibitor (PKI), 0.5 mM ATP and 10 mCi/ml [γ-
32 P] ATP], and incubated at 30˚C for 10 min. Then, 25 µl of reaction mixture was spotted on Whatman p81 paper and the reaction was stopped using 5% H 3 PO 4 solution. Following thorough washing, the radioactivity on the filter paper was counted using a Beckman scintillation counter. A parallel incubation was performed to confirm the phosphorylation of histone H1. Protein extracted from 20 embryos was incubated with 50 µl of MPF buffer containing 20 mCi/ml [γ- 32 P] ATP at 37˚C for 30 min and the reaction was stopped by adding an equal amount of 2X SDS buffer. The mixtures were then separated by a 12% SDS-PAGE and the incorporation of 32 P into histone H1 was visualized by autoradiography.
Statistical analysis. Experiments were performed independently at least three times. Values were analyzed by one-way analysis of variance or Student's t-test with GraphPad Prism 5 software. P<0.05 was considered to indicate a statistically significant result.
Results

Phosphorylation status of WEE1B-Ser 15 in one-cell stage mouse embryos.
To identify whether WEE1B-Ser 15 was phosphorylated in vivo, we collected one-cell stage mouse embryos at different phases in the absence or presence of dbcAMP and/or H-89, then measured the phosphorylation status of WEE1B-Ser 15 using the phosphor-specific antibody and non-phosphorylation status using the non-phosphorspecific antibody. On the basis of previous experimental studies (27, 40) , 2 mmol/l of dbcAMP, a PKA activator, led to maximal G 2 arrest, suggesting inhibition of the G 2 /M transition in one-cell stage mouse embryos. It has been well documented that H-89 inhibits the PKA C subunit and readily diffuses through the cell membrane (43, 44) . Previously, we (27) demonstrated that 40 µmol/l H-89 induced all of the mouse embryos to enter the M phase of mitosis, suggesting activation of the G 2 /M transition in one-cell stage mouse embryos. The results demonstrated that a phosphorylated WEE1B-Ser 15 band was observed at G 1 and S phases, whereas no phosphorylation of WEE1B-Ser 15 was observed at G 2 and M phases in one-cell stage embryos with or without H-89 ( Fig. 1A and C) . The strong phosphorylated WEE1B-Ser 15 band was detected in the G 1 and S phases, and also in the G 2 and M phases in the presence of dbcAMP (Fig. 1B) . Conversely, a non-phosphorylated WEE1B-Ser 15 band was mainly detected during the G 2 and M phases, and is strongest in the presence of H-89 (Fig. 1C) . Therefore, these results demonstrated that WEE1B-Ser 15 is phosphorylated at G 1 and S phases and dephosphorylated at G 2 and M phases in vivo.
Wee1B-WT and Wee1B-S15D inhibit MPF activity. To investigate the roles of Ser 15 phosphorylation of WEE1B, we mutated Ser 15 of WEE1B and generated Wee1B-15A and Wee1B-15D mutants. Various WEE1B mutants were overexpressed in one-cell stage mouse embryos. Immunoblotting with anti-WEE1B antibody confirmed that the WEE1B protein accumulated at higher levels in Wee1B-WT/KD and Wee1B-15A/D mRNA-microinjected embryos compared with the control, 5 h following microinjection ( Fig. 2A) , demonstrating that the exogenous mRNA of four types of Wee1B were able A total of 0.03 ng mRNA encoding Wee1B-WT/KD and Wee1B-S15A/S15D were microinjected into each embryo. Control embryos were microinjected with or without TE buffer. Western blotting was performed using anti-WEE1B antibody in different microinjected groups. β-actin was used as an internal control. Band intensities for WEE1B were quantified and normalized to β-actin level (bottom panel). Each value was expressed as mean ± SEM from three independent experiments. Δ P<0.01 and to be translated efficiently in one-cell stage mouse embryos. Furthermore, there was no difference among the microinjection groups.
To investigate the effects of Wee1B on the phosphorylation status of CDK1-Tyr 15 in mouse embryos, western blotting was carried out at 26.5, 27, 27.5, 28, 28.5, 29 and 29.5 h post-hCG injection in the control and Wee1B mRNA-microinjected embryos (Fig. 2B) . In the control group, there were strong signals of CDK1-Tyr 15 phosphorylation at 26.5-28 h, a reduced phosphorylation level at 28.5 h and no signal at 29 h post-hCG injection, which demonstrated that MPF was fully activated. Moreover, there was a weak CDK1-Tyr 15 phosphorylation signal at 29 h and no signal at 29.5 h post-hCG injection in the Wee1B-WT and S15A-injected embryos. When Wee1B-KD was overexpressed, strong signals of CDK1-Tyr 15 phosphorylation were detected at 26.5 h; however, no signal was detected at 29 h post-hCG injection, as in the control. By contrast, the inhibitory phosphorylation signals of CDK1-Tyr 15 were still observed at 29.5 h post-hCG injection in the Wee1B-S15D-overexpressed embryos. These results were consistent with the changes of MPF activity, suggesting that Ser 15 phosphorylation of WEE1B is critical for the regulation of MPF. Furthermore, to identify the correlation between MPF activity and phosphorylation status of CDK1-Tyr 15, we measured the MPF activity at 26.5 h post-hCG injection every 30 min. In the control group, MPF activity was gradually increased at 28.5 h post-hCG injection, reaching its maximal level at 29 h before gradually decreasing. In the Wee1B-WT and S15A mRNA-microinjected embryos, MPF activity reached its peak value at 29.5 h post-hCG injection, ~30 min later than the control group. In the Wee1B-KD mRNA-microinjected embryos, MPF activity reached its peak value at 29 h post-hCG injection, which was similar to that observed in the control group. However, MPF activity remained consistently low until 29.5 h post-hCG injection in the Wee1B-S15D mRNA-injected embryos (Fig. 2C) . These results were consistent with the changes in the phosphorylation status of CDK1-Tyr 15.
Wee1B-WT and Wee1B-S15D decrease the cleavage of one-cell stage embryos.
To examine the role of Ser 15 phosphorylation of WEE1B during the cleavage of one-cell stage embryos, the division of mouse embryos was observed at 26.5-29.5 h post-hCG injection, and the cleavage rate was calculated at 31 h. In the control group, cleavage of the embryos started at 28.5-29 h post-hCG injection and 58.97 (no injection) and 59.87% (TE injection) of embryos had reached the two-cell stage at 31 h. Embryos microinjected with Wee1B-WT mRNAs entered M phase until 29-29.5 h post-hCG injection, and the cleavage rates were ~35.1% at 31 h. Embryos microinjected with mRNA of Wee1B-KD entered M phase at 28.5-29 h posthCG injection, and almost 60.33% of embryos had reached the two-cell stage at 31 h, similar to the control group (P>0.05). By contrast, embryos injected with Wee1B-S15A mRNA had reached the two-cell stage at 29-29.5 h post-hCG injection, and the cleavage rate was 32.78% at 31 h, markedly lower than that of the control (P<0.01); however, similar to the Wee1B-WT mRNA-injected embryos (P>0.05). However, embryos microinjected with Wee1B-S 15D mRNAs rarely entered M phase at 29.5 h post-hCG injection, and the cleavage rate was ~24.77% at 31 h, markedly lower than that of the control group (P<0.01; Fig. 2D ). These results demonstrated that the phosphorylation of the Ser 15 residue of WEE1B is essential for its activity during the cleavage of one-cell stage embryos.
Microinjection of Wee1B mRNA suppresses MPF activity induced by dbcAMP.
To further examine whether PKA is capable of phosphorylating Ser 15 of WEE1B, various Wee1B mRNAs were microinjected into embryos during S phase in the presence of 2 mmol/l dbcAMP. The WEE1B protein was highly expressed at 5 h in each mRNA-microinjected embryo compared with the control (Fig. 3A) and there was no significant difference among the microinjection groups, indicating that various exogenous Wee1B mRNAs were able to be translated efficiently in mouse embryos.
The phosphorylation status of CDK1-Tyr 15 was detected by western blotting at 29, 30, 31, 32, 33, 34 and 35 h post-hCG injection in various exogenous Wee1B mRNAs in the presence of 2 mmol/l dbcAMP. In the control and Wee1B-KD mRNAinjected embryos, strong bands of phosphorylated CDK1-Tyr 15 were identified at 29-35 h post-hCG injection, indicating that MPF activity was inhibited. In the Wee1B-WT/S15A-injected embryos, weak CDK1-Tyr 15 phosphorylation was detected at 35 h post-hCG injection, which was coincident with MPF activity. However, when Wee1B-S15D was overexpressed, a strong signal was present at 35 h post-hCG injection, suggesting that MPF was completely inactivated (Fig. 3B) . The results suggested that Ser 15 phosphorylation of WEE1B is required for PKA-induced CDK1-Tyr 15 phosphorylation and therefore for PKA-induced MPF inhibition.
To investigate the effects of Ser 15 phosporylation on MPF inhibition induced by PKA in mouse embryos, MPF activity was measured beginning at 29 h post-hCG injection at 30-min intervals. As shown in Fig. 3C , the MPF activity was stably low at 29-35 h in the control and Wee1B-KD mRNA-injected embryos, which indicated that MPF activity was inhibited by PKA activation. Additionally, MPF activity in Wee1B-WT/S15A mRNA-injected embryos increased weakly at 35 h post-hCG injection. By contrast, MPF activity in embryos injected with the Wee1B-S15D mutants remained at a low level at 29-35 h post-hCG injection, indicating G 2 /M arrest. These results demonstrated that WEE1B functions downstream of PKA.
Overexpression of Wee1B prohibits the mitotic entry of mouse embryos treated by dbcAMP.
In the presence of 2 mmol/l dbcAMP, the cleavage of mouse embryos was observed at 29-35 h post-hCG injection, and the cleavage rate was calculated at 35 h. As shown in Fig. 3D , the cleavage rate of embryos treated with dbcAMP in each group evidently decreased, and extremely few embryos reached the two-cell stage at 35 h post-hCG injection in the control, Wee1B-WT/KD and Wee1B-S15A-microinjected embryos. No embryos microinjected with Wee1B-S15D mRNA entered M phase at 35 h.
Wee1B-S15A/D inhibits MPF activity induced by H-89.
Previously, we and other authors have demonstrated that H-89 activates MPF through the inhibition of PKA (27, 43, 44) . To investigate the role of Ser 15 phosphorylation of WEE1B during PKA-induced MPF inhibition, various Wee1B mRNAs were microinjected into mouse embryos during S phase in the presence of 40 µmol/l H-89. The WEE1B protein was more highly expressed at 5 h in the mRNA-microinjected embryos than in the control group (Fig. 4A) . No significant differences among the microinjection groups were observed, indicating that the various exogenous Wee1B mRNAs were able to be translated efficiently in mouse embryos.
To identify the phosphorylation of CDK1-Tyr 15 in the mouse embryos treated with H-89, the embryos were collected at 26, 26.5, 27, 27.5, 28, 28.5 and 29 h post-hCG injection and subjected to western blotting. The inhibitory phosphorylation signals of CDK1-Tyr 15 were detected at 26-27 h, and no phosphorylation band was detected at 27.5 h post-hCG injection in the control and Wee1B-KD mRNAinjected embryos (Fig. 4B) . However, in the Wee1B-WT and Wee1B-S15A mutant-injected embryos, there were strong bands of CDK1-Tyr 15 phosphorylation at 26 h, and weak signals were detected at 28 h post-hCG injection. Conversely, the inhibitory phosphorylation bands of CDK1-Tyr 15 were observed at 26-28.5 h when Wee1B-S15D was overexpressed, and there was still a strong CDK1-Tyr 15 phosphorylation signal detected at 29 h post-hCG injection.
In the presence of H-89, MPF was initially detected at 26 h post-hCG injection at 30-min intervals. The MPF activity oscillated in different groups. In the control, there was a marked increase in MPF activity at 27.5 h post-hCG injection, then MPF activity peaked at 28 h, indicating that inhibition of PKA activates MPF early. Furthermore, MPF activity in Wee1B-KD mRNA-injected embryos reached its maximal level at 28 h post-hCG injection, then decreased gradually, as in the control. However, MPF activity in embryos injected with Wee1B-WT and Wee1B-S15A mRNAs peaked at 28.5 h and the MPF peak lagged behind the control. However, MPF activity in embryos injected with Wee1B-S15D-phosphormimic mutants remained low and stable at 26-29 h post-hCG injection (Fig. 4C) .
Microinjection of Wee1B-WT and Wee1B-S15A/D mutants overcomes G 2 /M transition in mouse embryos induced by H-89.
In the presence of 40 µmol/l H-89, the cleavage of mouse embryos was observed at 26-29 h post-hCG injection, and the cleavage rate was calculated at 30 h (Fig. 4D) . The results demonstrated that the cleavage rate of embryos in controls induced by H-89 increased markedly and embryos In total, 0.03 ng of mRNA encoding Wee1B-WT/KD and Wee1B-S15A/S15D were microinjected into each embryo. Embryos in the control group were microinjected with or without TE buffer. Western blotting was performed using anti-WEE1B antibody in different microinjected groups. β-actin was used as an internal control. Band intensities for WEE1B were quantified and normalized to β-actin level (bottom panel). Each value is expressed as the mean ± SEM from three independent experiments. Δ P<0.01 and However, embryos injected with Wee1B-WT and Wee1B-S15A mRNAs resumed mitosis at 28.5 h post-hCG injection, and ~40% of embryos had developed to the 2-cell stage at 30 h, markedly lower than that in the control (P<0.01). The embryos injected with Wee1B-KD mutants entered M phase at 27.5-28 h, and 82.13% of embryos had reached the two-cell stage at 30 h post-hCG injection, which was similar to the control; however, embryos injected with Wee1B-S15D mRNA rarely entered into the two-cell stage at 30 h post-hCG injection. Taken together, these results demonstrate that Ser 15 phosphorylation of WEE1B is important in G 2 /M transition of mouse embryos.
Discussion
In the present study, we analyzed the regulation of mouse WEE1B and examined the role of Ser 15 of WEE1B in regulating the development of one-cell stage mouse embryos.
PKA is important in regulating the cell cycle progression of eukaryotic organisms. A study by Shimaoka et al suggested that continuous high PKA activity is a primary cause of the meiotic incompetence of pig-growing oocytes, and that this PKA activity is, not only caused by an insufficient expression level of PKA subunits, but may be attributed to more complex spatial-temporal regulation mechanisms (45) . Our studies have demonstrated that PKA negatively regulates cell cycle progression in one-cell stage mouse embryos by inhibiting MPF (46) and CDC25B acts as a direct substrate of PKA (27) . PKA activity oscillates with cell cycle progression. The activity of the free C subunit of PKA was high during interphase, decreased to a minimum level at the onset of mitosis and increased again at the metaphase-anaphase transition (46) . PKA directly phosphorylates mouse WEE1B in a cAMP concentration-dependent manner, at least in vitro (21) . Ser 15 in the N terminus of mouse WEE1B is a major PKA phosphorylation target, and phosphorylation at this site enhances the autophosphorylation activity of WEE1B and its ability to inhibit CDK1 and oocyte maturation (21) . In the present study, to further examine the role of the Ser 15 site of WEE1B in regulating the development of one-cell stage mouse embryos, we demonstrated that overexpressed Wee1B-WT and Wee1B-S15A, not only inhibits the mitotic G 2 /M transition, but also decreases the cleavage rate of A B C D mouse embryos. However, inhibition by the S15A mutant did not differ from that of Wee1B-WT. Since Wee1B-KD is a kinase-dead mutant, Lys 237 of Wee1B-WT was altered to Met, no significant difference with the control was observed. Overexpression of phosphor-mimic Wee1B-S15D mutants inhibited mitosis more efficiently than Wee1B-WT and S15A mutant in the absence of dbcAMP and H-89, indicating that overexpression of WEE1B prevents the activation of MPF in the nucleus, which is a prerequisite for the induction of mitotic resumption. Residue Ser 15 of WEE1B is likely a direct target of PKA in mouse embryos.
To identify the PKA phosphorylation target of WEE1B, affinity-purified phosphor-specific and non-phosphor-specific antibodies were used to detect the phosphorylation status of WEE1B-Ser 15 in embryos at G 1 , S, G 2 and M phases by western blotting in the absence or presence of dbcAMP and/ or H-89. The results suggest that WEE1B-Ser 15 is phosphorylated at the G 1 and S phases, whereas WEE1B-Ser 15 is dephosphorylated at the G 2 and M phases in vivo. Taken together, our results indicate that PKA regulates the early development of mouse embryos by phosphorylation of Ser 15 whether dbcAMP is present or not. If PKA phosphorylated Ser 15 of WEE1B during the G 1 and S phases, WEE1B kinase was activated to some extent, which is capable of inactivating MPF, resulting in the retardation of mitosis progression. By contrast, PKA levels are low in G 2 /M transition, dephosphorylation of Ser 15 in the G 2 phase by an unknown protein induced the inactivation of WEE1B, and MPF activity was activated by CDC25B phosphatase, thus resuming mitosis by the direct dephosphorylation of CDK1-Tyr 15 (27) .
To directly test whether the inhibition of mouse embryos by Ser 15 of WEE1B was due to levels of endogenous PKA, specifically endogenous PKA activity was activated or inhibited and the role of WEE1B in one-cell stage mouse embryos was examined. The inhibitory effects of S15D mutant delays the re-entry of embryos into mitosis, which was strengthened compared with Wee1B-WT and S15A mutant in the presence of dbcAMP and H-89. MPF activity remained at a relatively low level and the phosphorylation status of CDK1-Tyr 15 at indicated times in each group was coincident with the MPF activity. Therefore, the 15D mutant-enhanced inhibition of division rate of mouse embryos is due to direct phosphorylation of CDK1-Tyr 15 and the inhibition of MPF activity. Conversely, the cleavage rate of embryos induced by dbcAMP decreased markedly, and a low number of embryos reached the two-cell stage at 35 h post-hCG injection in the control group and Wee1B-WT/KD and Wee1B-S15A mRNA-microinjected embryos, suggesting that PKA activation is responsible for the inhibition of MPF activity and enhanced CDK1-Tyr 15 phosphorylation status. By contrast, in the presence of 40 µmol/l H-89, mouse embryos in the control group and those injected with Wee1B-KD mRNA initiated mitosis rapidly, which suggests that PKA inhibition is responsible for the activation of MPF activity. However, embryos microinjected with Wee1B-WT and Wee1B-S15A/D mutants overcome G 2 /M transition induced by H-89. Our results indicate that sustained activation or inhibition of PKA by treatment with dbcAMP or H-89 into mouse embryos may prolong or promote interphase in control and Wee1B-KD mRNA-injected embryos; however, overexpressed Wee1B-WT and Wee1B-S15A/D mutants lead to G 2 arrest. The Wee1B-S15D mutant inhibited CDK1-Tyr 15 phosphorylation more potently than Wee1B-WT and Wee1B-S15A. These results strongly suggest that PKA phosphorylates Ser 15 of WEE1B and this phosphorylation causes an inactivation of MPF activity by the direct phosphorylation of CDK1-Tyr 15 with a consequently enhanced inhibitory effect in embryo maturation.
Notably, Wee1B-S15A did not exhibit a dominant-negative effect compared with the Wee1B-WT in detecting MPF activity and cleavage rate in the absence or presence of dbcAMP and/ or H-89 in one-cell stage embryos, suggesting that endogenous WEE1B may be important in cell cycle progression. Therefore, the knockdown and overexpression of Wee1B into mouse embryos concurrently may be a way to examine whether inhibition of mouse embryos occurs by phosphorylation of Ser 15 of WEE1B or due to the endogenous WEE1B. Further experiments are required to verify this hypothesis.
Taken together, the present study combined with our previous studies (27) , provides new insights into the molecular mechanisms of G 2 /M transition involved in the early development of mammalian embryos. A decrease of cAMP in G 2 /M transition of one-cell stage embryos and inactivation of PKA (46) causes a rapid and progressive CDC25B translocation to the nucleus. Thus, the accumulation of CDC25B in the nucleus causes dephosphorylation and activation of the fraction of MPF that is shuttling into the nucleus (27) . Following this, the activated MPF promotes the export of WEE1B to the cytoplasm by an unknown mechanism. The translocation of WEE1B functions as an amplification step to further promote the activation of the nuclear MPF until a threshold of activity sufficient for G 2 /M transition for WEE1B has no access to its MPF substrate and that this is sufficient to cause MPF activation. However, it is also possible that WEE1B becomes inactivated during the export process or during its accumulation in the cytosol (47) , further suppressing its cytostatic activity for low PKA activity leading to the inactivation of WEE1B. CDC25B may then be transferred from the nucleus to the cytosol (27) , WEE1B is also exported from the cytoplasm to the nucleus. The reciprocal translocation between CDC25B and WEE1B is the prerequisite for the first embryonic divisions.
